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Abstract
Recent studies have dealt with the electronic and magnetic ground state properties of the tetraboride material MnB4. So far,
however, the ground state properties could not be established unambiguously. Therefore, here we present an experimental study
on single-crystalline MnB4 by means of resistivity and magnetization measurements. For this, we have developed a sample holder
that allows four-point ac resistivity measurements on these very small (∼ 100 µm) samples. With our data we establish that the
electronic ground state of MnB4 is intrinsically that of a pseudo-gap system, in agreement with recent band structure calculations.
Furthermore, we demonstrate that the material does neither show magnetic order nor a behavior arising from the vicinity to a
magnetically ordered state, this way disproving previous claims.
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1. INTRODUCTION
For decades now, the chemistry and physics of boron com-
pounds has attracted the interest of a large community of re-
searchers [1, 2]. Essentially, in compounds the element boron
has a tendency towards network formation, which in turn trans-
lates into a complex interplay of structural, electronic and mag-
netic properties in these materials. Examples range from super-
hard materials such as FeB4 [3] via superconductors with very
high transition temperatures (MgB2) [4] or unusual ferromag-
nets and antiferroquadrupolar systems (EuB6, CeB6) [5, 6] to
highly unusual surface states in the Kondo insulator SmB6 [7].
A case in point is MnB4: While being known to exist since
1960 [8], recently the boride system MnB4 became the focus of
more extensive research efforts [9, 10, 11, 12, 13, 14, 15, 16, 17,
18, 19]. Initially, scientific interest was triggered by the search
for superhard materials [9, 10, 12, 18, 19]. However, as result
of the first studies it appeared that the structural properties of
MnB4 are closely connected to its electronic properties, leading
to the performance of a number of calculations (mostly by den-
sity functional theory) on the interdependency of electronic and
crystallographic structure [13, 14, 15, 16, 17, 18, 19].
Surprisingly, with respect to the experimental verification of
the different scenarios concerning the electronic structure of
MnB4, there is a marked inconsistency reported in literature.
In Ref. [14] in a thermodynamic study on polycrystalline mate-
rial Gou et al. reported that MnB4 exhibits ferromagnetic cor-
relations (based on susceptibility) and a metallic ground state
(based on specific heat). In contrast, Knappschneider et al.
[13] investigated single crystals and concluded that the mate-
rial - because of a Peierls-type distortion - should be considered
a non-magnetic small-gap semiconductor or pseudo-gap mate-
rial. From these experimental studies it appears that poly- and
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Figure 1: Two single-crystalline specimens of MnB4 produced as described
in Ref. [13] as representatives of the samples studied in this work. For size
comparison, one of the Pt wires used for the resistivity measurements is shown
at the bottom of the figure.
single crystalline material behave differently, bringing up the is-
sue of sample quality and the intrinsic magnetic and electronic
ground state of MnB4. Based on recent band structure calcula-
tions [17, 19] it has been attempted to put these issues into the
context of a complex interplay of - as the authors call it - Peierls
and Stoner mechanisms.
Experimentally, the issue at hand is the availability of only
very small single-crystalline specimens MnB4 obtained from
the synthesis. This is exemplified in Fig. 1, where we plot typi-
cal single-crystalline samples MnB4 studied in the present work
[20]. These crystals have been produced according to the recipe
described in Ref. [13].
The limitations regarding the available samples has ham-
pered experimental investigations in a way that a very basic
characterization such as a four-probe ac resistivity measure-
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ment has not been reported. Only, in Ref. [13] preliminary two-
probe experiments on single-crystals MnB4 in a limited tem-
perature range ∼ 300 − 360 K have been presented and taken
as evidence of a small semiconducting gap ∼ 0.04 eV in the
density of states.
Correspondingly, what is lacking is a four-probe ac resistivity
characterization of single-crystalline MnB4 in a wider temper-
ature range and down to low temperatures, in order to verify
the notion of either a metallic or non-metallic ground state of
the material. As well, such a study would allow insight into
the issue of impurities affecting the physical properties. There-
fore, we have set out performing this investigation by devel-
oping an experimental stage to carry out a temperature depen-
dent four-probe resistive measurement on crystals of the order
of down to ∼ 100 µm length, and using this tool to characterize
the electronic ground state of MnB4. Furthermore, we have ac-
companied our study by measuring the magnetization of single-
crystalline MnB4 in order to test the proposal of a ground state
close to ferromagnetism.
2. EXPERIMENTAL
The common approach to measure the resistivity of a bulk
sample is to use a four-point probe configuration. For this, a
mechanical and electrical connection between sample and mea-
surement wires is necessary, and which is commonly provided
by use of different types of bonding, by fixing the wires with sil-
ver epoxy or paint onto the sample surface, or by mechanically
pressing contacts pads onto the sample.
Attachment of the contacts on the sample surface by bonding
or soldering depends on the composition and morphology of the
sample surface. For arbitrary and arbitrarily shaped samples
and for typical bonding stations, although in principle small
contacts can be produced this way, it will usually not result in
stable contacts. Conversely, the option of gluing the wires to
the sample surface is limited by the size of the sample because
the silver epoxy/paint contacts typically have a diameter of the
order of part of a mm. In this situation it is not possible to at-
tach four wires to samples of a similar size. Finally, in recent
years microfabricated contact pads have become commercially
available allowing four-point resistivity measurements on small
samples via mechanical contacts, but only over limited temper-
ature ranges [21, 22].
In this situation we have developed a simple and cheap sam-
ple holder for temperature dependent resistivity measurements,
essentially based on the experimental knowledge from high
pressure studies [23]. Our sample holder allows attachment to
standard laboratory set-ups for four-point probe resistivity mea-
surements on crystals down to a length of about 100 µm and
above (see Fig. 2).
For the mechanical handling of the small samples, these are
embedded in electrically insulating epoxy, allowing positioning
in defined locations. For providing electrical contact, one side
of the samples is exposed by sanding the epoxy/sample block
(see bottom of Fig. 2 for a view of the resulting sample surface,
in this case a piece of vanadium). After fixing the epoxy/sample
unit on an insulated copper sample holder, four 25 µm platinum
Figure 2: Schematic drawing of the sample holder for four-point probe resis-
tivity measurements on small samples (top), together with a photograph of a
sample (a piece of vanadium) prepared for a measurement using the holder
(bottom).
wires are drawn over the free sample surface in a guitar string
fashion (top of Fig. 2). To produce electrical contact between
wires and sample an electrically insulating piston presses the
wires onto the sample surface. This way, it is also guaranteed
that the wires do not move. We have tested the functionality of
the set-up through measurements of various metallic samples
(Cu, V, Nb). Altogether, with this setup it is possible to use
the common four-point probe resistive configuration for sam-
ples with a length down to - in our case - 150 µm, and for our
cryogenic systems at temperatures below ∼ 200 K.
Next, the sample holder is attached to a standard measure-
ment stick for experiments in a 4He bath cryostat, with the
platinum wires connected to the wiring for the resistivity mea-
surements. Subsequently, we have determined the resistivity of
various single-crystalline samples MnB4 in a temperature range
between 4.2 and 200 K. With the embedding of the sample in
epoxy, we have no control of the alignment of the crystals, and
thus can not measure the resistivity along a specific crystallo-
graphic direction. In addition, magnetization measurements on
the crystals have been carried out using a commercial SQUID
magnetometer.
With the irregular shape of the MnB4 single-crystals, and
taking into account that the sanding removes a small, but not
well-defined part of the sample, in terms of resistivity measure-
ments there is some uncertainty regarding the sample cross sec-
tion. As well, the width of the voltage contacts (25 µm) effec-
tively defines the experimental error of the determination of the
distance between these contacts, as they represent a significant
portion of the contact distance (see Fig. 2). Both geometrical
factors have a quite large impact on the accuracy of the deter-
mination of the absolute value of the specific resistivity with
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Figure 3: The resistivity of two single-crystalline samples MnB4; the inset il-
lustrates the attempts to derive an energy gap value from the data, for details
see text.
this set-up. For the experiments presented here we have esti-
mated that there is a 25% error margin for the absolute values
of the resistivity. The relative accuracy of the measurement is
essentially determined by the electronics and easily below 1%.
3. RESULTS AND DISCUSSION
In Fig. 3 we present the resistivity for two single-crystalline
samples MnB4. Qualitatively, both exhibit a similar behav-
ior, with overall a temperature dependence inconsistent with a
metallic character for MnB4. In detail, there are some differ-
ences between the measurements. First and most notably, the
absolute values of the resistivity of the two samples differ by
a factor 2.5, and which is beyond the margin of experimental
error as described above. It thus reflects a sample dependence
of the resistivity.
Given the variation in absolute resistivity values between dif-
ferent samples, comparing our data with the two-point probe
data from Knappschneider et al. [13], we observe that also the
absolute resistivity values from these previous data are broadly
consistent with our study. In other words, we find the resistiv-
ity (conductivity) of single-crystalline MnB4 to be of the order
of a few ten mΩcm (a few hundred Sm−1), and rising (falling)
by about 20% as temperature is lowered into the 4He-range.
At temperatures above 150 K the resistivity is flat, and for one
sample actually slightly increases with temperature.
The experimentally observed resistivity does not reflect
archetypical semiconducting behavior. Yet, if - for the sake of
the argument - we assume that the resistivity does reflect semi-
conductivity, it would imply that using an Arrhenius plot we
can derive the corresponding gap values. Therefore, in the in-
set of Fig. 3 we include the Arrhenius plot for the sample with
the smaller (∼ 10 mΩcm) resistivity. Clearly, there is no ex-
tended temperature range were the data can be approximated
by a straight line. We can try to estimate upper and lower lim-
its for energy gaps by linearly approximating the experimental
data at lowest and highest measured temperature (see straight
lines in the inset of Fig. 3). This approach would yield gap
values between a few 10−6 to 10−4 eV, which clearly is far too
small to make sense.
Altogether, while the resistivity of single-crystalline MnB4
does not exhibit a straightforward metallic character, it can
also not be accounted for in terms of a simple semiconductor.
Distinct from semiconductors, the absolute resistivity is much
smaller (order of ten mΩcm rather than many Ωm for typical
semiconductors), the temperature dependence is much weaker
(less than one order of magnitude change of ρ with two orders
of magnitude variation of temperature), and at high tempera-
tures even tends towards a positive, i.e., metallic resistive slope
dρ/dT .
The most likely explanation for this behavior is fully consis-
tent with the predictions from band structure calculations as set
out in Knappschneider et al. [13]. According to these DFT cal-
culations the Peierls-type distortion induces a pseudo-gap in the
density of states at the Fermi level of MnB4. The presence of a
pseudo-gap itself will give rise to a semiconducting-like resis-
tivity, i.e., the resistivity increases with decreasing temperature.
The observation of a pronounced sample dependence points to-
wards the presence of impurities with energy levels in the range
of the pseudo-gap. Combined, pseudo-gap and impurities will
produce a resistive behavior intermediate between metallicity
and semiconductivity (for comparison see for instance the case
of Fe3−xVxAl, and how impurities affect the transport proper-
ties in such a pseudo-gap sample series [24, 25, 26]). For re-
lated borides the possibility of ”self-doping” effects has been
long established [2, 27, 28].
Within this scenario of impurity states in a pseudo-gap in the
band structure of MnB4, the question arises about the extrinsic
or intrinsic nature of the ferromagnetic signatures reported in
Ref. [14]. Therefore, in Fig. 4 we plot the temperature depen-
dence of the susceptibility of single-crystalline MnB4 (weight
of the sample: 30 µg, applied field B = 0.1 T). In the data anal-
ysis, we have subtracted the diamagnetic contribution of the
Apiezon grease used to attach the sample to the straw from the
raw data. Above 100 K the measured signal is very small, i.e.,
of the order of the resolution limit of the SQUID. This finding
is at variance with the observations made for the polycrystalline
material studied in Ref. [14]. At low temperatures, the suscep-
tibility becomes paramagnetic below 100 K, although the abso-
lute value of the susceptibility is still more than one order of
magnitude smaller than in Ref. [14].
As a first approach to interpret the susceptibility of single-
crystalline MnB4, we start by assuming that the magnetic signal
is fully intrinsic to the material. This would imply that the very
small signal at high temperatures (> 100 K) reflects an intrin-
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Figure 4: The temperature dependence of the susceptibility of single crystalline
MnB4, for details see text.
sic property of MnB4 (possibly diamagnetism), which would be
consistent with a pseudo-gap in the band structure, but incon-
sistent with Gou et al. [14]. In turn, still assuming an intrinsic
nature of the susceptibility, the change to a paramagnetic behav-
ior at low temperatures would then correspond to a phase tran-
sition into a ferromagnetic state, but with an extremely small
magnetic moment of the order of about 1/1000th of a µB per Mn
atom. Both the concept of a ferromagnetic state appearing out
of diamagnetism as well as the small moment size make this
interpretation unlikely. This scenario leads to contradictions,
which can only be resolved by assuming that the low temper-
ature paramagnetism is parasitic and stems from paramagnetic
impurities.
Conversely, if the intrinsic magnetic behavior of MnB4
would be paramagnetic (as stated by Gou et al. [14]), in or-
der of being covered by the diamagnetic signal of the sample
holder/Apiezon it would require an extremely weak paramag-
netic behavior (χ being of the order 10−5 emu/mole). Such a
behavior is still inconsistent with Gou et al. [14]. While we
consider this scenario unlikely, one might speculate about Pauli
paramagnetism with a very small density of states at the Fermi
level producing such a magnetic signature, i.e., a pseudo-gap
system. Again, however, this would not explain the Curie like
paramagnetic increase of the susceptibility at low temperatures,
which would have to be attributed to paramagnetic impurities.
In consequence, regarding the magnetic behavior of MnB4,
the most likely scenario is the following: The high tempera-
ture behavior likely reflects the intrinsic behavior of (pseudo-
gapped) MnB4. At low temperatures, residual magnetic (Mn)
impurities produce a weakly paramagnetic/ferromagnetic sig-
nal. If we assume a typical moment of a few µB per Mn atom
for these impurities, less than 0.1% Mn impurities would be
sufficient to explain the observed behavior. From our data we
cannot unambiguously assess if we are dealing with dilute im-
purities dissolved in the crystallographic structure of MnB4, or
if they are assembled as clusters in grain boundaries etc.. Only
the observation that the transition to a paramagnetic susceptibil-
ity occurs at a comparatively large temperature close to 100 K
seems to be more in line with larger clusters rather than dis-
solved impurities in a matrix.
4. CONCLUSION
Summarizing our findings on the electronic and magnetic
ground state of MnB4, we have established that the electronic
transport properties can be attributed to a pseudo-gap in the
density of states at the Fermi-level. This observation is fully
consistent with the theoretical analysis presented in Knapp-
schneider et al. [13]. Further, we have demonstrated that at
room temperature the magnetic susceptibility is either diamag-
netic or very weakly paramagnetic, again fully consistent with
the concept of a pseudo-gapped material. With all likelyhood,
a paramagnetic low-temperature signal just reflects a response
from impurities with an atomic density of a fraction of a per-
cent.
Notably, we find no evidence for a correlated metallic state
as proposed by Gou et al. [14]. Given that in both studies [13,
14] the same crystallographic structure has been reported, the
scenario of a structural instability producing different types of
MnB4 at low temperatures, as implicitly suggested based on
band structure calculations [17, 19], appears not to explain the
observed behavior. Rather, based on our experimental findings,
residual impurities in polycrystalline material seem sufficient
to account for the observed behavior. Or in other words, from
our study the real material MnB4 emerges to be intrinsically a
”dirty” pseudo-gap system.
Still, the sensibility of the different band structure calcula-
tions on the chosen crystallographic structure and magnetic po-
larization is quite remarkable [10, 11, 12, 13, 14, 15, 16, 17,
18, 19]. Notably, the structural instability proposed to exist in
MnB4 [17, 19] deserves further investigation. From these cal-
culations, it appears that the structural stability at higher tem-
peratures of MnB4 is closely linked to its electronic properties,
viz., that electron-phonon coupling requires close attention in
modelling this material.
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